Silicon carbo-nitride films with Boron were deposited onto Silicon, glass and SS304 Stainless Steel substrates using the ion beam assisted deposition (IBAD) method.
Introduction
Quaternary Carbo-Nitrides have recently emerged as novel multi-functional tough materials [1, 2] . The materials have potential to be used as protective coatings [3, 4] with potent electrical and optical properties [5, 6] and have even been proposed for use as low-k materials [7] . The general formula of such materials can be represented in the form SiMeCN, where Me can be Ti, Zr or B. In these materials Si and Me both exist in carbide and nitride forms [6, 8] . Light atoms forming short and covalent bonds are responsible for the very high formation enthalpies, exceeding 200 kJ/mol.
High binding energies make these materials exceptionally stable and tough. The materials can be in principle modelled and partially understood on the basis of Silicon Carbonitrides which have been thoroughly studied and this approach of modeling is especially valid in the case when the Me concentration is relatively low.
Following this train of thought, it has been shown that, for some material compositions, it is possible to represent an atomic arrangement where Si is submerged into the tetragonal pyramid formed by either one of the other three atoms [6, 9] . The validity of this concept for materials prepared by various methods still needs to be substantiated by more experimental data.
Various carbonitrides were synthesised by a polymer-to-ceramic transformation route (see for example [2, [10] [11] [12] ). This approach offered bulk material synthesis but rather limited base composition freedom and high impurity, such as Oxygen and Hydrogen, concentrations. In the case of SiBCN it has been shown that the synthesised material is oxidation resistant in air up to 1700 0 C and compositionally stable up to 2000 0 C [2] , which is much higher than the SiCN oxidation threshold at around 1350 0 C [13] . At the same time material usage at temperatures higher than the pyrolysis temperature leads to material densification and creation of multiple cracks. Lately the Physical Vapour Deposition (PVD) approach has been successfully used [3] . The materials show high hardness, up to 44 GPa, and, in the case of SiBCN, have exceptionally high temperature stability. Oxidation protection by formation of surface SiO 2 is most effective at silicon concentration around 30 at%.
Moreover, the material remains amorphous even at temperatures around 1300 0 C, but in certain compositions starts to crystallize at 1400 0 C [10] . Some compositions show stability even at 1600 0 C [14] . This is in line with the similar ternary system SiCN where, by varying C concentration, it was discovered that at carbon content more than 2 at.% the system will not crystallise at temperatures of 1250 0 C [15] .
What makes the material even more interesting is its low thermal expansion coefficient coupled with low inherited stress and potentially good adhesion to the substrate [16] . This makes the material very unlikely to have high stress at high temperatures and, consequently, to be very mechanically stable on the substrate.
The material with low carbon content has high resistance and shows a potential to be used in microelectronics, where system-on-chip applications require high resistivity substrates [17] .
Most of the work on carbo-nitrides with B has been done on bulk material. There are a very limited number of papers on thin film boron-carbo-nitrides and the field of creation and properties of those materials is virtually unexplored.
Ion beam assisted deposition (IBAD) offers an easy method for varying film composition and has the additional capability of introduction of additional energy and atomic species into the growing film. This potential was used for the first time in the present communication to create Silicon Metal-Carbo-Nitrides on various substrates.
Experimental
The samples reported in this paper were deposited on Si, glass slides and SS304 stainless steel substrates in the dual ion beam chamber. The schematic drawing of the deposition system is presented in Fig.1 .
The system comprises a top Ion Gun, which produces an ion beam of approximately 100 mm in diameter, an Ion-assist Source, sputter target and heated substrate holder. The carbon forms the base of the target plate on which multiple pieces of silicon and boron are mounted. The growing film composition is defined by the relative areas and sputter yields of elemental targets under the ion beam. Argon is supplied to the chamber through the top ion gun. Nitrogen is supplied through the Ion Assisting Source. These cases are referred to as "ion-assisted". In some cases a discharge was run in the source without applying an acceleration voltage to produce nitrogen ions at low energy of a few eV. These cases are referred to as "plasmaassisted". per side) was coated on both sides in four successive depositions in order to provide maximum surface coating in difficult-to-coat areas.
Atomic force microscopy (AFM) and nanoindentation data were acquired using a CSM nanoindenter.
In order to assess film tribological properties, a number of films were deposited onto SS304 Stainless Steel blanks which had been polished using a 1 μm diamond paste.
These were subjected to pin-on-disk tests using Alumina balls with diameter 6 mm as counterparts at normal load 5 N. The tests were conducted at room temperature and at a humidity, which was measured to be in the region of 50 % but was not controlled.
Results and Discussion
All produced coatings have a dense glassy structure as can be seen in Fig.2 . The
Atomic Force Microscopy results show very flat surfaces with maximum roughness, as defined from peak to trough, at around 1 nm and RMS value at around 0.5 nm.
According to our data this is almost indistinguishable from the roughness of the Silicon substrate itself. The glassy structure appearance in the SEM is supported by the absence of diffraction peaks in XRD, see Fig.3 , which indicates absence of sizeable crystallites. At the same time, the almost atomically smooth surface adds to the argument that the material is very homogeneous, as the presence of density inhomogeneous zones and even small crystallites would lead to surface roughening.
On this evidence it can be concluded that the material is amorphous and this is in agreement with published work.
As mentioned before, samples were prepared on a wide variety of substrates and using a range of deposition conditions. The film adhesion to all substrates was not specifically measured but appears to be good and as-deposited films have not shown any traces of delamination and are very stable. Table 1 summarises the main deposition parameters and film properties of the samples prepared on Silicon substrates. There is a possibility to vary many parameters but the preference in the set was given to vary substrate temperature, plasma and ion assistance. In general terms the elemental target areas were kept at values providing Boron concentration at around 10 at % and Silicon at below 40%. The target elemental content was not changed for the first 6 samples presented in Table 1 and all compositional variations result from varying deposition parameters. Nitrogen content in the film is significantly affected by the deposition conditions and is increased in samples N5 and N6 as a result of partially-ionised N 2 and, especially, N + ion bombardment in the IBAD process. In general terms this is in good agreement with predictions of effective Nitrogen incorporation during low energy ion assistance [18] . Ion assistance in this case significantly increases Nitrogen content in the material, however, this is accompanied by a reduction in Silicon content and may be linked to the reduction in hardness to a value just above 20 GPa. However, for sample N7, when the Silicon content is restored to higher values, by adjustment of target areas, the hardness is also increased to above 30 GPa, which follows the hardness dependence on Si content for SiCN [19] . It is also worth noticing that, for sample N7, the H/E value (Hardness over Young's Modulus), regarded by many as a parameter of material toughness, is the highest in the whole set of coatings. In general all samples with
Silicon content equal to, or above, 30 at% showed hardness in excess of 30 GPa.
Contrary to earlier published work [20] , there is no clear trend linking higher deposition temperature to higher film hardness.
The most industrially-important results are related to the case of mild plasma assistance, as similar conditions would be expected for industrial scale DC magnetron deposition. One can easily see that the film composition in this case is almost temperature independent but slightly higher hardness can be achieved at elevated substrate temperature.
The pin-on-disk trace of the lowest friction film is shown in Fig.4 The coatings also show good stability at high temperatures. The SS coupon coated with approximately 3 μm film, in conditions similar to sample 4 in Table 1 When deposited onto slide glass, the films were light brown, as seen in transmitted light, which indicated film light absorption in the green/blue region of the visible light spectrum. Absorption spectra show light interference features but, as can be seen in Fig.6 the overall tendency might suggest that the optical bandgap depends on deposition conditions and film composition. From the optical spectra it can be cautiously assumed that the observed high absorption is due to bandgap transitions and, in this case, the bandgap value is located in the region between 2.2 and 2.8 eV.
The values are in rather good agreement with the data published by Vijayakumar et al. [5] . The results also demonstrate the existence of a tunable bandgap for the material and this might follow the general trends observed for the SiCN system [22] .
It is interesting to note that, for the SiCN system produced by Plasma Enhanced
Chemical Vapour Deposition, samples show a bandgap at around 3.3 eV whereas the hardness was only about 2 GPa [23] . This suggests that the bandgap is mostly dictated by the SiCN matrix, but the huge variation in matrix density, which changes the hardness 10 times, hardly affects the general bandgap structure.
The CL spectra presented in Fig.7 show that the CL starts at around 3.2 eV and can reasonably be deconvoluted into a number of emission lines. Taking into account that the material is amorphous this most probably indicates that there are localised states responsible for the high energy part of the CL spectra and these states form a tail at the bottom of the conduction zone. [24] , that the luminescence at 3.4 eV, which is not observed in our study, is related to O vacancies associated with a Si-O sub-network, while luminescence at 2.65 eV was ascribed to the C-C sp 2 bonding. Samples in the current study have much smaller Oxygen content (see later in this paper) and the luminescence spectra presented in the current paper is related to the IBAD sample which, as will also be shown later in the paper, does not have a C-C sp 2 Raman signal. This indicates that the nature of transitions responsible for the CL at the moment is not clear.
Raman spectra are presented in Fig.8 . The spectra of the ion beam sputtered sample without ion-or plasma-assistance shows only possible C-C bonds in the region of 1500 cm -1 (the D and G bands not being obviously resolved). The signal at around 2800 cm -1 corresponds to 2D and G+D modes and was reported for fully dense Si-C-N ceramic synthesized by pyrolysis for a comparatively similar composition but containing Boron [25] . Laser annealing of the analysis spot leads to a significant change in structure, which leads to a strengthening of all carbon signals.
All this shows that samples without ion assistance have a significant number of C-C
bonds and yet demonstrate hardness in excess of 30 GPa, while the highest hardness reported by Janakiraman [25] for the bulk material is just above 11 GPa.
The presence of C-C bonds and potentially Carbon nano-clusters is unexpected but has been shown to be bound into the atomic lattice. However it is quite common practice during XPS experiments to clean the surface by bombarding it with the ion beam and this leads to ion-induced atomic mixing and bond modification. It is quite possible that Boron bonding into the lattice needs activation and can be achieved only at high temperatures or intensive ion bombardment. This is supported by the data on pyrolysed SiBCN which showed that Boron was firmly built into an amorphous network [27] . One might conclude that "low energy deposition conditions", e.g. low deposition temperature and absence of ion bombardment, leads to formation of three interlocked atomic subsystems comprising a SiN network with clustered nano Carbon and weakly bonded Boron.
The origin of the Raman signal at around 700 cm -1 is difficult to explain. Infrared spectroscopy in the Si-C-N ceramic mentioned above [25] shows peaks in this energy region and they are produced by Si-N and Si-C bonds, but they have not been reported to be Raman active. In support of the latest view, Fainer et al [23] have reported a featureless Raman spectra for SiCN. In principle it is still possible that, for particular deposition conditions of sample N1, that the resulting material structure is such that Si-N and Si-C bonds show in the Raman Spectra of asdeposited material but these disappear after laser annealing when material is restructured.
Ion assistance changes the Raman spectra quite significantly. The peak at 1090 cm -1 probably can be ascribed either to B-N or B-C bonding and the peak positioning is very characteristic for Boron-containing compounds [28] . Peaks at around 560 cm -1 can be related to Si-N bonding, which will also be responsible for the shoulder at around 900 cm -1 [29] . It is evident that the ion assistance promotes significant restructuring of chemical bonding. One can also expect that development in the Raman spectra can be seen as evidence of more ordered chemical bonding.
Potentially this could have manifested itself in reduction of the absorption tails in the optical band-gap, but this is not observed. Another peculiarity is that a Raman signal in the region of 2200 cm -1 , which is ascribed to C-N [30] , is not observed. All this shows complexity of bonding and atomic arrangements in the quaternary compounds [31] and these need to be investigated further.
All samples deposited in this study have shown exceptionally high electrical resistance. The very low electrical conductivity of deposited material caused microarcing in the vacuum chamber. The high resistance of these samples is not reported by other authors for films with similar stoichiometry [6, 12, [32] [33] [34] . In some cases [33, 34] the ceramic did not contain Boron and any conductivity was thought to be provided by Nitrogen in SiC. Another possibility for the difference in data is the role of Oxygen. In many studies involving pyrolysis, or even magnetron deposition, the Oxygen content was above 3 at%, while, in our study, it was below 1.5 at%. Taking into account that we have not discriminated for the near-surface and the bulk Oxygen and standard quantification correction procedures are not very accurate in the cases of surface layers, it is possible that our bulk Oxygen content was below 1 at%. Another possible method to overcome low conductivity was shown by Houska et al [16] , where carbon content in the film was raised to 40 at% and Silicon was maintained at 10 at%.
In our case carbon and oxygen content are low while silicon content is relatively high. This might widen the band-gap but still leave the localised states tail below the conductance zone. The result is in agreement with earlier published work [35] , where the conductivity of SiBN 3 C ceramic at temperatures below 395 0 C was attributed to three-dimensional variable range hopping of carriers between localised states, which is a typical mechanism for amorphous semiconductors at low temperatures.
It is a well known and used fact that Hydrogen, as passivation agent, can be used to improve the electrical conductivity in defect-rich semiconductors (see for example [36, 37] ) and should increase the band-gap in SiBCN ceramics according to electron structure modelling [38] . In the polymer-derived ceramics high hydrogen content is inherited from the ingredients while, during PVD processes, hydrogen comes from the water component of residual gases in the deposition chamber. The latest process is also accompanied by accumulation of Oxygen in the film. The fact that the Oxygen content was possibly below 1 at% in our films can also indicate that the Hydrogen content was relatively low. In order to check for any possible influence of Hydrogen on conductivity, a few depositions were conducted when Hydrogen was introduced into the deposition chamber at pressures up to 6.5 x10 -2 Pa. The amount of Hydrogen in the film is not known but the insulating properties of the film were not changed. Table Caption   Table 1 . Deposition parameters, atomic compositions and mechanical properties. Table 2 . Fig. 7 . Cathodoluminesence spectra of sample N3 in Table 2 . The spectra were obtained at 93 K, 20 nA electron beam at 10 keV. 
Conclusions

